Introduction
The structural and crystal chemical behaviour of pyroxenes provides a simple model to test relations between structure and composition within a silicate family. Among pyroxenes those with the M2 site occupied by Li are a peculiar group. The general formula of Li-pyroxenes is LiM (Brown 1971 , Grotenpass et al 1983 , Sato et al 1994 , Sato et al 1995 , Redhammer et al 2001 , Knopin et al 2003 , Redhammer et al 2004a . The wide compositional variability on the M 3+ site provides a model to test the composition-structure relations in pyroxenes. A comparison of the crystal chemical trends in Li pyroxenes with respect to Na-pyroxenes and to pyroxenes with divalent cations at the M2 site is of interest in assessing models on the effect of crystal chemistry on structural arrangement, and on phase transitions Sato 2003, Redhammer and Roth 2004a) . Li pyroxenes are also of interest for the displacive P2 1 /c -C2/c phase transition with temperature, found in end members with M 3+ = Fe, Cr, V, Ga, Sc, at a critical temperature slightly above or below room temperature (Behruzi et al. 1984 , Sato et al. 1994 , Redhammer et al. 2001 , and carefully studied by Redhammer and Roth (2004b) . This transition is results from differences in configuration of the tetrahedral chains in P2 1 /c and C2/c pyroxenes: in P2 1 /c pyroxenes there are two different tetrahedral chains, with opposite rotation sense, that become symmetry equivalent in the high temperature C2/c structure. The C2/c chain is as a rule more elongated than each of the P2 1 /c chains, being almost straight in several Li pyroxenes (M 3+ = Fe, Cr, V, Ga). The transition is structurally the same as observed in Ca-poor clinopyroxenes of the quadrilateral at high temperature (Arlt et al 2000 , Tribaudino et al 2002 , but in Li-pyroxenes the transition can be studied at relatively low temperature, between 100 and 350K. Moreover, the compositional variability in Li pyroxenes provides a test for the effect of cation substitution on the phase transition. A negative correlation between cation radius in the M2 site and the critical temperature has been found (Arlt et al 2000, Redhammer and Roth 2004b) , but the differences in critical temperature in (Tribaudino et al 2003a) .
In testing models on composition and phase transition temperature in Li-pyroxenes a limitation exists due to a gap in cation radius between Al and Cr (0.535 vs 0.615Å, Shannon 1976 . This pyroxene was first synthetized by Ohashi and Osawa (1988) at high pressure; the authors gave cell parameters, but no further crystallographic information. Following the trend outlined by V to Cr pyroxenes, and for a low spin configuration, the Ni end member should undergo the P2 1 /c -C2/c symmetry at about 500 K. However, the lack of transition in spodumene suggests caution even in assuming that LiNiSi 2 O 6 has a P2 1 /c symmetry.
Moreover the evolution of cell parameters with temperature is not known for LiNiSi 2 O 6 .
This paper reports the in situ high temperature cell evolution up to 773 K of a synthetic LiNiSi 2 O 6 pyroxene and the high temperature TEM investigation of the evolution of critical reflections in LiNiSi 2 O 6 and LiCrSi 2 O 6 , studied for comparison. The studied samples were previously characterized by TEM observation.
The aim of this work is to report the results of a new synthesis of LiNiSi 2 O 6 , to clarify the room temperature symmetry of LiNiSi 2 O 6 , and to outline the evolution with temperature.
Although the phase transition was not achieved for LiNiSi 2 O 6 the observed evolution of cell parameters with temperature, very similar to that observed in spodumene, poses interesting constrains in the cell vs T evolution in Li-pyroxenes.
Experimental

Synthesis
The LiNiSi 2 O 6 pyroxene was synthesised using a stoichiometric starting mix of pyroxene.
The LiCrSi 2 O 6 pyroxene used for TEM high temperature study was from the batch synthesized by Ohashi and Sato (2003) .
Sample characterization X-ray powder diffraction and spin state
The sample was preliminarily investigated by X-ray powder diffraction. Successful synthesis yielded an assemblage of LiNiSi 2 O 6 pyroxene and LiNi 2 O 4 spinel. The cell parameters for LiNiSi 2 O 6 pyroxene are in excellent agreement with those of Ohashi and Osawa (1988) , obtained in a synthesis in which Li-pyroxene was the only phase obtained from stoichiometric starting materials. SEM-EDS analysis was performed on a few grains of pyroxene, and showed no deviation from the expected stoichiometry of Ni and Si. The pyroxene is present as thin elongated crystals less than 20 μm in length.
In the synthesis by Ohashi and Osawa (1988) the LiNiSi 2 O 6 pyroxene was very sensitive to pressure release, breaking down at room pressure after few days or weeks. The crystals had the to be kept under pressure in a diamond anvil cell. In the present synthesis, possibly as the crystals are clamed(???) in a spinel matrix such problem was not found.
Preliminary magnetic study shows that there is no magnetic transition over the temperature range 350K to 2K and that the octahedral Ni 3+ has the low spin state (Isobe, 2006; private communication) . That is, the Ni 3+ bearing clinopyroxene is an S=1/2 spin compound and does not show the spin dimerization. To note, in previous papers (Ohashi and Osawa 1988; the ionic radius high spin cell for the octahedral Ni 3+ in the high spin configuration (0.60Å) instead of that in low spin (0.56Å) was used to discuss cell parameters -cation radius trends in LiM
3+
Si 2 O 6 pyroxenes.
TEM observations
The LiNiSi 2 O 6 and LiCrSi 2 O 6 pyroxenes were characterized by transmission electron microscope (TEM) analysis, using a CM12 side entry electron microscope operating at 120 kV. Mounts were prepared by crushing a few grains of the run products in an agate mortar and subsequent deposition on a holey carbon film.
At room temperature the selected area diffraction patterns (SAED) for both LiNiSi 2 O 6
and LiCrSi 2 O 6 pyroxenes showed the presence of h+k odd critical reflections, with reflections stronger in LiNiSi 2 O 6 . These reflections are indicative of the P lattice of the P2 1 /c structure; in LiNiSi 2 O 6 they are slightly elongated, and show a diffuse halo (Fig. 1b) 
High temperature in situ investigation
The possible presence of a phase transition was sought by TEM and X-ray synchrotron radiation powder diffraction in situ high temperature investigations.
Transmission electron microscopy
In situ HT investigation was performed with a Gatan 652 double-tilt heating stage and water cooling (Fig 2) . The experimental conditions were the same reported in Tribaudino (2000) . For comparison the experiment was also performed on LiCrSi 2 O 6 , whose phase transition is known to occur at 335(2) K (Redhammer and Roth 2004b) .
Synchrotron radiation powder diffraction
Synchrotron powder X-ray diffraction (XRPD) data were collected between 298 and 773 K on beamline BM8 GILDA at ESRF (Grenoble, France), using an angle dispersed setup based on a translating image-plate camera (IP), with fixed wavelength λ = 0.61964 Å (Meneghini et al. 2001) . Details on the experimental equipment and the furnace calibration are reported in Tribaudino et al (2003b) . The heating rate was 2.4°/min with a run duration of 4h. The 2D images were processed by integrating vertical stripes at constant temperature, after calibration of the sample to image plate distance and instrumental line shape from the pattern of the reference Si. Isothermal full plate images were also recorded at room temperature.
The full profile diffraction patterns were collected in the 2θ range 9-42°; they were quantitatively analysed within the Rietveld structural refinement approach as implemented in the GSAS (Larson and Von Dreele 2004; Toby 2001) package. A detailed description of the procedures followed in refining cell data can be found in Tribaudino et al. (2003b) . The unitcell parameters at the different temperatures are reported in Table 1 , and their comparative changes are shown in Fig. 3 .
Results and discussion
High temperature in situ TEM observations in LiCrSi 2 O 6 and LiNiSi 2 O 6
The results of comparative high temperature SAED patterns are shown in Fig. 2 and/or degree of Al-Si order (in feldspars, Adlhart et al. 1980a,b,; Tribaudino et al. 2000) .
This interpretation is confirmed by the behaviour of stoichiometric LiCrSi 2 O 6 , which is compositionally homogeneous.
In LiNiSi 2 O 6 the critical reflections do not change their intensity up to the highest temperature reached by the HTTEM investigation, about 650 K. At higher temperatures the examined crystals degrade, losing crystallinity.
Cell parameters, thermal and spontaneous strain
The cell parameters for LiNiSi 2 O 6 are shown in Table 1 and Fig. 3 . The axial thermal expansion in LiNiSi 2 O 6 shows the usual pattern found in pyroxenes, with α b >α a >α c ; the values of the thermal expansion coefficients for α a , α b and α c are 5.7(1), 12.0(3) and 3.9(1) ⋅ 10 -6 /K, respectively.
In Fig. 3 (Fig 3) . These changes are not found in spodumene or LiNiSi 2 O 6 , suggesting that the P2 1 /c -C2/c phase transition was not achieved in LiNiSi 2 O 6 , at least over the investigated temperature range. This is confirmed by the presence, also at high temperature, of the h+k odd reflections of the P2 1 /c space group. These reflections, generally barely detectable in a powder diffraction pattern, are relatively strong in LiNiSi 2 O 6 pyroxene (Fig. 4) , and their intensity does not decrease at sight(??) with temperature.
The above data do not show evidence of an approach to the transition, such as a decrease in the intensity of critical reflections and/or clear changes in the evolution of the cell parameters with temperature. More subtle changes, indicative of the presence of a significant spontaneous strain from a higher temperature phase transition, could be shown by the analysis of the strain tensor with temperature.
The deformation of the unit cell with temperature is described by a second rank strain tensor, geometrically represented by a strain ellipsoid. The strain tensor can be calculated between any temperature interval from the low and high temperature cell parameters (Ohashi and Burnham 1973) . In a structure without a high temperature phase transition, such as in C2/c spodumene, the measured strain is only due to thermal expansion, whereas a calculation of the strain performed using high and low temperature cell parameters both below the transition, such as P2 1 /c LiCrSi 2 O 6 , will show also a significant contribution from the strain arising from the transition, i.e. the spontaneous strain. The spontaneous strain records the deformation inherent to pre-transition structural changes, that are, as a rule, different and often larger than those due to thermal expansion only. The spontaneous strain may even have an effect very far from the transition, as is the case with the C2/c-C1 phase transition in anorthite, that occurs well above the melting point, but still affects the low temperature thermodynamics of anorthite (Carpenter 1992 Table 2 , the Li bearing P2 1 /c pyroxenes display the major expansion along a direction about 150° from the c axis, on (010) Comparing with thermal strain in the C2/c symmetry the strain in the P2 1 /c structure is higher, but the difference is mostly due to a higher deformation along the major axis. The orientation of the thermal strain ellipsoid in C2/c is somewhat different than in P2 1 /c: the highest deformation or that close to highest is found along the b axis, and the major deformation onto the (010) plane occurs in a direction almost normal to that of the major direction in P2 1 /c pyroxenes. It appears that the spontaneous strain has an effect higher than the thermal strain. The contribution of the spontaneous strain can be observed even far away from the transition: in Ca 0.15 Mg 1.85 Si 2 O 6 there seems to be no difference between the strain calculated between room T up to 573 and to 1073K: in both cases the strain follows the pattern for P2 1 /c pyroxenes, i.e. the spontaneous strain is significant even far from the transition.
In spite of the fact that LiNiSi 2 O 6 has a P2 1 /c symmetry, the strain with temperature in LiNiSi 2 O 6 is fully comparable with that arising uniquely from the thermal strain contribution of spodumene: both show a higher expansion along the b axis, and along a direction between 50-60° from the c axis. A similar pattern of deformation was found in The increasing data set on phase transition temperature, or, as here and in spodumene, on the non-occurrence of the phase transition, can be used to verify any trend relating composition and the critical temperature of the phase transition. An increase in the critical temperature together with a decrease in ionic radius on the M1 site can actually be found in Cr, Fe, V and Ga (Fig. 5) 
